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The activity of Ca2+/calmodulin-dependent protein kinase IV (CaMKIV) is sensitive to activity-dependent changes in the level 
of intracellular Ca2+. Following neuronal stimulation, the activation of CaMKIV may trigger synaptic modifications and tran-
scriptional responses, both of which are involved in regulating cognitive and emotional behavior. Here, we used CaMKIV 
knockout (KO) neurons and mice to examine the function of CaMKIV in Ca2+-stimulated intracellular signaling and animal 
behavior, respectively. Following NMDA receptor activation or membrane depolarization, the up-regulation of CREB (cAMP 
responsive element binding protein) and its target gene Bdnf (brain-derived neurotrophic factor) was intact in cortical neurons 
obtained from CaMKIV KO mice. CaMKIV KO mice displayed severe impairment in contextual fear memory but normal lo-
comotor activity and anxiety level in the contextual training chamber. Although CaMKIV KO mice showed normal memory in 
the standard passive avoidance task, they were defective in learning the temporal dissociative passive avoidance task. As indi-
cated by the light/dark test and marble-burying test data, CaMKIV KO mice showed less anxiety and normal perseveration. In 
the voluntary wheel-running test, CaMKIV KO mice showed normal running time and distance but higher maximal running 
speed. Our results demonstrate the function of CaMKIV in regulating different forms of fear memory, anxiety, and certain as-
pect of motor function. 
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Ca2+ is a major intracellular small messenger molecule that 
regulates many aspects of neuronal function. Transient rise 
in intracellular Ca2+ through ion channel-mediated influx or 
release from the internal storage triggers signaling cascade 
and, in turn, impinges on dynamic synaptic and nuclear re-
sponses. Aberrant Ca2+ homeostasis and Ca2+-stimulated 
intracellular signaling are often associated with neurological 
dysfunction or diseases [1,2]. As a major Ca2+ effector mol-
ecule, calmodulin (CaM) senses the changes in intracellular 
Ca2+ and tunes the activity of numerous protein kinases such 
as CaMKs [3]. CaMKIV is expressed in distinct brain re-
gions that regulate learning and memory, emotion, and mo-
tor function. Although CaMKIV has been demonstrated to 
phosphorylate synaptic proteins, its function is mainly im-
plicated in regulating activity-dependent nuclear responses 
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such as gene transcription [3,4].  
Previous studies have demonstrated that the transcription 
factor CREB and its co-activator CBP (CREB binding pro-
tein) are regulated by the serine-threonine kinase activity of 
CaMKIV [57]. The current understanding emphasizes that 
the CaMKIV-dependent phosphorylation of CREB at serine 
133 (Ser133) enhances its transcription activity. The tran-
scription of CREB-regulated genes has been shown to be 
up-regulated following neuronal activity (e.g., c-Fos tran-
scription) [8] and learning (e.g., Bdnf transcription) [9]. In 
brain slices and cortical neurons, glutamate- and membrane 
depolarization (by KCl)-stimulated CREB phosphorylation 
are ablated in CAMKIV mutant samples [10]. The 
up-regulation of CREB phosphorylation in vivo is also ab-
sent in the hippocampus of CaMKIV knockout (KO) mice 
following physical restraint [10] or fear conditioning [11]. 
However, it is not clear whether CaMKIV regulates the ba-
sal level of CREB phosphorylation in non-stimulated neu-
rons. 
Consistent with the notion that the CREB-mediated tran-
scription is critical for neuroplasticity and adaptive behav-
iors, loss of activity-dependent CREB phosphorylation in 
CaMKIV KO mice correlates with the impairment in 
long-term potentiation (LTP) [10] and defective fear 
memory [10]. CaMKIV KO mice also display less anxie-
ty-related behavior and stress response [12]. However, a 
recent study used an independent line of CaMKIV KO mice 
and found inconsistent phenotypes [13]. Interestingly, while 
spatial memory is un-affected in CaMKIV KO animals, it is 
significantly impaired in CREB mutants [14]. This implies 
that CaMKIV and CREB may differentially regulate the 
activity-dependent genetic response, and CREB activity 
may not be solely controlled by the CaMKIV-mediated 
Ser133 phosphorylation. 
In this study, we examined the function of CaMKIV in 
CREB phosphorylation and Bdnf transcription following the 
activation of the NMDA receptors (NMDAR) and the 
L-type voltage-gated calcium channels (L-VGCC). We also 
performed an array of behavioral test with CaMKIV KO 
mice. We identified new functions of CaMKIV in passive 
avoidance memory and motor activity. Our data also help to 
consolidate some inconsistent results from the previous 
studies. 
1  Materials and methods 
1.1  Animals 
CaMKIV KO mice on C57BL6 background were obtained 
from the Jackson Laboratories, and maintained in the Uni-
versity Laboratory Animal Resources facility at Michigan 
State University. Animals had free access to water and food, 
and were kept under the 12-h light/12-h dark housing condi-
tion. Two- to four-month-old male mice from different lit-
ters were pooled together, and subjected to behavioral anal-
ysis. Separate cohorts were used for different behavioral 
tests. All protocols were approved by the Institutional Ani-
mal Care and Use Committee at Michigan State University.   
1.2  Primary neuronal culture and stimulation 
Cortices were obtained from CaMKIV KO and wild type 
(WT) mice on postnatal day 0. The preparation and mainte-
nance of the primary cortical culture were performed as 
described in our previous study [15]. DIV 8 (days in vitro 8) 
neurons were stimulated with 50 mmol L1 KCl along with 
100 µmol L1 APV and 40 µmol L1 CNQX to activate 
L-VGCC. Incubation with 15 µmol L1 NMDA and 2 µmol 
L1 glycine along with 10 µmol L1 nifedipine and 40 µmol 
L1 CNQX was used to activate NMDAR. 
1.3  Western blot and analysis of Bdnf transcription 
For Western blot analysis, samples were harvested 15, 30, 
or 60 min following neuronal stimulation. Equal amount of 
total protein from different samples was separated by SDS 
polyacrylamide gel electrophoresis, and transferred to ni-
trocellulose membrane. The levels of CREB phosphoryla-
tion at Ser133 (pCREB) and -actin were detected by spe-
cific antibodies (1:1,000 dilution for pCREB antibody, Up-
state, Lake Placid, NY, USA; 1:5,000 for -actin antibody, 
Sigma, St Louise, MO, USA). The immuno-signal was ob-
tained by using the Odyssey system (LI-COR Biosciences, 
USA), and quantified by using the Scion Image software 
(Scion Corp. Frederick, Maryland, USA).  
The level of exon I- and exon-IV containing as well as 
the level of total Bdnf mRNA was determined by 
semi-quantitative RT-PCR as described in our previous 
studies [15,16]. Total RNA was purified from samples col-
lected 1 h after neuronal stimulation. 
1.4  Behavioral analysis  
All behavioral tests were performed between ZT4 and ZT8. 
For contextual fear conditioning (CFC), mouse was intro-
duced to the training chamber and allowed to freely explore 
for 1 min before the delivery of a mild foot shock (0.7 mA, 
2 s). The mouse remained in the chamber for 30 s after the 
shock, and was returned to its home cage. The trained ani-
mals were placed into the same chamber 24 h later, and the 
fear response was determined by the percentage of freezing 
(immobility) during the 2-min test. During both training and 
testing, the ambulatory travel distance and movement time 
were determined by the TruScan activity system (Coulbourn 
Instruments, USA). 
To determine the locomotor open field activity in the 
CFC training chamber, new cohorts of mice were placed in 
the chamber for 15 min. Their activities including ambula-
tory distance, total distance traveled in the margin and cen-
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ter areas, and numbers of entries to the center area of the 
arena were determined by the TruScan activity system.  
For passive avoidance, the apparatus is a box that con-
sists of a lit chamber and a dark chamber. These two cham-
bers are separated by a wall equipped with a trap door. 
During training, mouse was introduced to the lit half of the 
training chamber, and allowed to explore for 1 min before 
the trap door opened. Immediately after the animal entered 
the dark chamber, a mild electric foot shock (0.7 mA with  
2 s duration) was delivered. The animal remained in the 
dark chamber for 30 s after the shock, and was then returned 
to its home cage. The animals were tested 24 h later. The 
crossover latency for animals to enter the dark chamber 
from the lit chamber was recorded.  
For temporal dissociative passive avoidance (TDPA), 
mouse was introduced to the lit chamber, and allowed to 
explore for 1 min before the trap door was lifted. When 
animal entered the dark chamber, the trap door was dropped. 
A mild foot-shock (0.7 mA for 2 s) was delivered 5 min 
after animal entered the dark chamber. The animal remained 
in the dark chamber for 20 s after the foot shock, and then 
was returned to its home cage. The TDPA training was per-
formed daily for 3 d. The final testing was on day 4. The 
time animal spent in the lit chamber (i.e., between the time 
at trap door lifting and the time at animal entering the dark 
chamber) was recorded as crossover latency. 
During the light/dark test, mouse was introduced to the 
dark chamber, and habituated for 2 min before the entry 
door to the lit chamber was lifted open. The mouse was al-
lowed to move freely between the dark and lit chamber for 
10 min. The latency of animals’ initial crossover to the lit 
chamber was recorded. The total time spent in the lit cham-
ber and the number of entry to the lit chamber were also 
recorded. 
The marble-burying test was considered as a paradigm to 
measure repetitive behavior (perseveration) [17]. The ani-
mal was first habituated in a standard mouse box filled with 
5 cm-thick bedding for 1.5 h. Then, 15 marbles (1 cm diam-
eter) were placed evenly in the box (five rows with three 
marbles in each row). Thirty minutes later, the number of 
buried marbles was counted. 
To determine the activity of wheel-running, animal was 
singly housed in a large mouse box equipped with a running 
wheel. The mouse was habituated for 7 d with the wheel 
being locked. After un-locking the wheel, the running activ-
ities including running distance and time as well as maximal 
speed were recorded for 7 d with a bicycle computer/ 
odometer (CATEYE® VELO 9).  
1.5  Statistic analysis 
All data are presented as mean±SEM. Two-way ANOVA or 
repeated measures two-way ANOVA or Student’s t-test was 
used to determine statistic difference, which was considered 
when P<0.05 was reached. 
2  Results 
2.1  Genetic deletion of CaMKIV does not affect CREB 
phosphorylation and Bdnf transcription following the 
activation of NMDAR and L-VGCC 
Previous studies have suggested that CaMKIV is required 
for the activity-dependent phosphorylation of CREB at 
Ser133 [10,11], leading to transcriptional up-regulation of 
CREB target genes. In cultured cortical neurons, we did not 
find difference in the basal level of pCREB in non-     
stimulated WT and CaMKIV KO neurons. Following the 
stimulation with NMDA, the level of pCREB was signifi-
cantly increased in both WT and CaMKIV KO neurons 
(Figure 1A). Among the CREB target genes, Bdnf has been 
shown to be regulated by CREB both in vivo and in vitro 
[15,18,19]. Here, we found that the total Bdnf mRNA level, 
before and after NMDA stimulation, was comparable be-
tween WT and CaMKIV KO neurons (Figure 1B). Because 
the consensus CRE was identified in promoter I and IV of 
the Bdnf gene [16], we further determined the level of exon 
I- and exon IV-containing Bdnf mRNAs. Deletion of 
CaMKIV also had no significant effect (Figure 1B).  
Another important source contributing to Ca2+-stimulated 
CREB activation is the L-VGCC-mediated Ca2+ influx [20]. 
We activated L-VGCC by KCl-induced membrane depolar-
ization. We found comparable up-regulation of pCREB 
(Figure 1C) and Bdnf  (including total, exon I-, and exon 
IV-containing mRNA) transcription (Figure 1D) in WT and 
CaMKIV KO neurons. 
2.2  Genetic deletion of CaMKIV impairs contextual 
fear memory without affecting shock sensitivity and lo-
comotion 
During contextual training, the mild electric foot shock elic-
ited similar increase of locomotor movement in WT and 
CaMKIV KO mice (Figure 2A), indicating that both groups 
of animals had similar sensory response to the aversive 
shock. Locomotor movement decreased to a similar level 
immediately after the foot hock in both groups, indicating 
comparable learning in WT and CaMKIV KO mice (Figure 
2A and B). However, when tested 24 h later, CaMKIV KO 
animals showed significantly less freezing (Figure 2C) and 
more movement (Figure 2D) than WT mice. These data 
demonstrate that CaMKIV is required for contextual fear 
memory retention. 
One possibility that CaMKIV KO mice showed less 
freezing may be due to alterations in locomotor activity or 
intrinsic anxiety level. Thus, we determined these measures 
in the same contextual training chamber. During the 15-min 
test, new cohorts of WT and CaMKIV KO mice displayed 
similar movement (Figure 3A and B). There was also no 
significant difference in their activity in the center (Figure 
3B and C) and margin areas (Figure 3B) of the chamber.  
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Figure 1  Ca2+-stimulated up-regulation of CREB phosphorylation and 
Bdnf transcription in WT and CaMKIV KO neurons. A and C, The level of 
pCREB in control neurons and following the stimulation with NMDA (A) 
or KCl (C) was determined by Western blot. The relative level of pCREB 
was defined as one in the WT control neurons and normalized to the level 
of -actin. Quantification was based on data collected from three separate 
experiments. Two-way ANOVA shows no significant difference between 
WT and CaMKIV KO neurons. B and D, The level of total, exon I-, and 
exon IV-containing Bdnf mRNA (as indicated) was determined in control 
and NMDA- (B) or KCl-stimulated (D) neurons by RT-PCR. The relative 
level of Bdnf mRNA in the WT control (Ctrl) group was defined as one and 
normalized to the level of GAPDH. Quantification was based on data col-
lected from four separate experiments. Two-way ANOVA shows no sig-
nificant difference between WT and CaMKIV KO neurons. 
Thus, the basal locomotion and anxiety level in WT and 
CaMKIV KO mice responded equally to the contextual 
training device.  
2.3  CaMKIV KO mice show normal passive avoidance 
memory but are defective in learning the TDPA task 
We next used another paradigm to determine the function of 
CaMKIV in fear memory formation. During passive avoid-
ance training, WT and CaMKIV KO animals showed simi-
lar crossover latency (Figure 4A). When tested 24 h later, 
both groups showed significant and comparable increase in 
crossover latency, indicating similar memory formation. We 
further examined mouse behavior in TDPA, during which 
the association between the darkness and the aversive elec-
tric foot shock was temporally dissociated. It took WT mice 
three training sessions to gradually establish memory and 
avoid entering the dark chamber (Figure 4B). However, 
there was no significant memory formation in CaMKIV KO 
mice, as indicated by no increase in crossover latency (Fig-
ure 4B). 
2.4  Function of CaMKIV in anxiety-related behavior 
and voluntary running activity 
One possibility that CaMKIV KO mice showed less cross-
over latency may be due to that they have more preference 
to the dark half of the passive avoidance chamber. Hence, 
we performed a light/dark test by using the same passive 
avoidance device. During the 10-min test, the two groups of 
mice showed similar latency for their first dark-to-light 
transition (Figure 5A). Interestingly, CaMKIV KO mice 
stayed in the lit chamber for longer time (Figure 5B). Both 
groups had similar number of transition between the lit and 
dark chambers (Figure 5C). These results indicate that 
CaMKIV KO mice are anxiolytic, and their shorter cross 
over latency during the TDPA training/testing is not due to 
that they tried to avoid light. 
We further subjected WT and CaMKIV KO mice to 
marble-burying test, which measures repetitive behavior 
and anxiety level. Both groups buried similar number of 
marbles (Figure 6). 
To determine the function of CaMKIV in motivation and 
motor function, we examined mouse behavior in voluntary 
wheel-running activity in its home cage for 7 d. WT and 
CaMKIV KO animals showed similar daily running activity, 
as indicated by comparable running time (Figure 7A) and 
running distance (Figure 7B). CaMKIV KO mice showed 
significantly higher maximal running speed than WT ani-
mals (Figure 7C). 
3  Discussion 
Although it has been hypothesized that CaMKIV regulates 
CREB phosphorylation at Ser133, data from this and other 
studies demonstrated normal pCREB level in non-    
stimulated CaMKIV KO neurons (see Figure 1 and [11]). 
Intriguingly, we found that the up-regulation of pCREB 
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Figure 2  CaMKIV KO mice show impaired contextual fear memory. A, Ambulatory movement in each of the 5-s duration was recorded for WT and 
CaMKIV KO mice during contextual training. The arrow indicates the delivery of the mild foot shock. Repeated measures two-way ANOVA indicate no 
difference between WT and CaMKIV KO animals. B, Average movement before and after the mild foot shock during the training session are presented. C 
and D, Percentage of freezing (C) and average movement (D) during training (before the delivery of foot shock) and testing (24 h after training) are present-
ed. n.s., not significant. a.u., arbitrary unit.  
 
Figure 3  CaMKIV KO mice show normal locomotor activity and anxiety-related behavior in the open field test. Mouse was place to the chamber, which is 
also used for contextual training/testing, and allowed to move freely for 15 min. A, Ambulatory movement for each of the 1-min bin is presented. Repeated 
measures two-way ANOVA indicates no difference between WT and CaMKIV KO animals. B, Total movement distance in the whole chamber, or the mar-
gin area, or the center area is presented. C, The number of entry to the center area of the chamber is presented. n.s., not significant. a.u., arbitrary unit. 
 
Figure 4  CaMKIV KO mice show normal passive avoidance memory but impaired TDPA performance. A, The crossover latency during passive avoid-
ance training and testing is presented. n.s., not significant. B, The crossover latency during the four training/testing TDPA sessions is presented. Repeated 
measures two-way ANOVA indicate significant difference between WT and CaMKIV KO animals. 
following NMDAR and L-VGCC activation does not re-
quire CaMKIV activity. The basal and Ca2+-stimulated 
transcription of the CREB target gene Bdnf was also com-
parable between WT and CaMKIV KO neurons. We postu-
late that CREB activity may be supported by other kinases 
such as ERK1/2 and cAMP-dependent protein kinase [21] 
in the absence of CaMKIV. Such possibility is supported by 
that learning-induced CREB phosphorylation [22] and Bdnf 
transcription [16] are impaired in mouse mutants of 
Ca2+-stimulated adenylyl cyclases. This is in contrast to the 
study by Ho et al. [10], which showed that the KCl-induced 
pCREB is absent in CaMKIV KO neurons. The study fur-
ther found that the glutamate-induced pCREB is also absent 
in the hippocampal slices of CaMKIV KO mice. It is evi-
dent that activity-dependent up-regulation of CREB phos-
phorylation in vivo requires CaMKIV activity. The increase  
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Figure 5  CaMKIV KO mice show less anxiety-like behavior in 
light/dark test. WT and CaMKIV KO mice were allowed to move freely 
for 10 min between the lit and dark chambers of the device, which is also 
used for passive avoidance. The crossover latency to the lit chamber (A), 
total time spent in the lit chamber (B), and the number of transition to the 
lit chamber (C) are presented. n.s., not significant.  
 
Figure 6  CaMKIV KO mice show normal behavior in the mar-
ble-burying test. The number of marbles buried during the 30-min test is 
presented. n.s., not significant. 
in pCREB is impaired in CaMKIV KO mice [11] following 
fear conditioning. It is not clear whether the different out-
come is due to the difference between synaptic activity and 
pharmacological manipulation, as well as the age of the 
neurons and genetic background. 
In contrast to the lack of CaMKIV KO effects on Bdnf 
exon IV transcription, our previous study showed that over-
expression of dominant-negative CaMKIV (dnCaMKIV) in 
cultured neurons partially suppressed the exon IV promoter 
activity following either KCl or NMDA stimulation [15].  
Overexpression of dnCaMKIV also decreases the Ca2+- 
stimulated up-regulation of CRE activity [15]. It remains 
unclear whether dnCaMKIV also impinges on other intra-
cellular signaling molecules other than the activity of 
CaMKIV. It is interesting to note that mice overexpression 
dnCaMKIV show different phenotypes when compared   
to CaMKIV KO mice. Impaired spatial memory was ob-
served in dnCaMKIV animals [23] but not in CaMKIV KO 
mice [10].  
The CaMKIV KO mice used in this study were back-
crossed to the C57BL6 background from the strain, in 
which the exon III of the CaMKIV gene is deleted through 
homologous recombination [10]. Previous characterization 
shows that this specific KO strain (exon III KO) is defective 
in hippocampal long-term potentiation [10], a well-known 
cellular substrate of learning and memory. A subsequent 
study examined the hippocampus-dependent contextual fear 
memory, and found that the exon III KO mice fail to recall 
the conditioned contextual fear when tested 1 and 7 d but 
not 1 h after training [11]. This indicates that CaMKIV is 
required for memory retention rather than acquisition/ 
learning. The function of CaMKIV is further supported by 
that overexpression of CaMKIV in mice enhances contex-
tual fear memory [24]. Surprisingly, a recent study using 
mice lacking exon I of CaMKIV (exon I KO) observed 
normal contextual memory in mutant animals when tested 1 
and 7 d after training [13], considering that there is no de-
tectable CaMKIV expression in either the exon III or the 
exon I KO mice. As an independent group, we confirmed 
that the exon III KO mice are defective in contextual 
memory retention but not acquisition (Figure 2). We further 
found that the locomotor activity and anxiety-like behavior 
in the setting same as the contextual training chamber are 
comparable between WT and the exon III KO mice. We 
noticed that, while the exon III KO mice received one elec-
tric foot shock (this study and [11]), the exon I KO mice 
received three shocks during the contextual training [13]. 
Thus, it is possible that the CaMKIV-regulated memory 
may be dependent on training intensity (i.e., one shock vs. 
three shocks). Secondly, Wiltgen et al. [25] have demon-
strated that fear memory formed after receiving multiple 
 
 
Figure 7  CaMKIV KO mice show higher maximal running speed during voluntary wheel-running in their home cage. Mouse had free access to a running 
wheel in its home cage. Daily wheel-running activity was recorded for 7 d. A, Running time. B, Running distance. C, Maximal running speed. Repeated 
measures two-way ANOVA indicates significant difference between WT and CaMKIV KO animals for C but not for A and B. 
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shocks does not require intact hippocampal function. In 
support of this idea, the exon I KO mice show defective 
contextual memory 28 d after training, when memory 
maintenance is mainly supported by cortical regions other 
than the hippocampus [26].  
Our results along with the study by Takao et al. [13] 
demonstrate that passive avoidance memory does not re-
quire CaMKIV. However, when using TDPA as a modified 
passive avoidance test, CaMKIV KO mice did not show any 
measurable memory. Similar to passive avoidance, memory 
for TDPA also requires the function of hippocampus [27]. 
As the association of the conditioned stimulus (i.e. the dark 
chamber) with the aversive foot shock (i.e., the un-condi- 
tioned stimulus) is temporally delayed, we consider that 
learning the TDPA task is more demanding. The phenotype 
difference in passive avoidance and TDPA further suggests 
that the requirement of CaMKIV in learning and memory 
depends on training intensity. 
Although CaMKIV KO mice did not show abnormal 
anxiety-related behavior in the contextual training chamber, 
they showed certain anxiolytic phenotype in the light/dark 
test. This is consistent with that the exon I and exon III KO 
mice show less anxiety-like behavior in the elevated plus 
maze [12,13]. Interestingly, previous studies fail to detect 
any major light/dark test phenotype in either exon I or exon 
III KO mice [12,13]. It is not clear whether all these studies 
have used equivalent lighting conditions. 
The potential physiological function of CaMKIV in mo-
tor function is implicated by that CaMKIV KO mice show 
impaired cerebellum long-term depression [10]. However, 
when examined by the accelerating rotorod test, CaMKIV 
KO mice showed normal motor learning [10]. Both the exon 
I and exon III KO mice also display normal locomotion in 
the open filed test (this study and [13], but also see [28]). 
By examining the voluntary running activity in their home 
cages, we identified a new role of CaMKIV in regulating 
motor function, as indicated by higher maximal running 
speed in CaMKIV KO mice. 
In summary, this study confirms that CaMKIV regulates 
contextual fear memory and certain aspect of anxiety-  
related behavior. Our data also suggest new function of 
CaMKIV in passive avoidance memory and motor activity.     
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